INTRODUCTION
Mucosal body surfaces such as the respiratory and gastrointestinal tract have to perform a complex task-they must remain tolerant against innocuous environmental, nutritional, and microbial antigens to ensure organ function, but must also mount efficacious immune responses against invading pathogens. In the adult intestine, this dual role is accomplished by a diverse and competitive microbiota, a structured and effector protein-enriched mucus layer, a rapidly renewing, reactive epithelium and a tightly regulated adaptive immune system. This allows compartmentalization of the majority of commensal bacteria within the gut lumen, rapid responsiveness to disrupted barrier integrity and tissue regeneration, and the generation of long-lasting highly effective adaptive immune effector functions. Similarly, the healthy adult lung effectively manages the incessant exposure to environmental antigens, is in constant cross-talk with its steady-state microbiota, and has effective immune compartments for rapid responsiveness against pathogens. In both organs, however, the situation fundamentally differs in neonates. In the neonatal intestine, rich nutrients and low competitiveness of the microbiota provide an open habitat and niches for incoming pathogens. Both the innate and adaptive immune system still undergo differentiation and adaptation and are impaired in their response to microbial challenge leaving the host susceptible to a variety of inflammatory and infectious diseases. Similarly, immune cells in the neonatal lung differ in quantity and quality and, hence, react differently to environmental and microbial exposures. In a constant process of immune education during postnatal development, lung-resident immune cells are faced with the massive challenge of reacting in a manner that protects the organ's critical gas exchange machinery. In the following chapters, we will describe what is known about intestinal and pulmonary homeostasis during pre-and postnatal development in mice and man. We will highlight functional differences between the infant and adult scenarios, and survey the mechanisms that lead to an age-dependent susceptibility to infectious and immune-mediated diseases.
PRENATAL DEVELOPMENT AND BIRTH Tissue morphogenesis and innate immunity in the prenatal intestine
Gut tissue embryogenesis follows a similar order of events in most vertebrates. 1 However, the length of the gestational period and the tissue maturity at birth differ significantly. Following a long gestational period, the human gut mucosa exhibits a fully differentiated intestinal architecture with crypts and villi and a complex cellular composition at birth. 2 In contrast, the short gestational period of only 20 days in mice results in an incomplete maturation of the intestinal mucosa at birth and pronounced functional and structural changes during the postnatal period.
1 Although these differences might limit the value of the murine model for a better understanding of the ontogeny of host-microbial interactions, both humans and mice have to facilitate the transition between the protected situation in utero and the intimate interaction with both commensal and pathogenic microorganisms after birth. Moreover, murine samples can be acquired in a well-controlled manner, whereas medical and ethical concerns limit access to human mucosal tissue samples from both healthy and diseased neonates. The occurrence of premature delivery in a significant portion of human neonates additionally stresses the potential value of considering the functional influence of tissue ontogeny on neonatal immunology. We will therefore consider results from both murine and human studies in the present review but highlight developmental differences and their potential influence.
In mice, small intestinal villi emerge at gestational day 15 (E15) and proliferating epithelial cells become confined to the intervillus region at E17. 1 Three epithelial cell types namely absorptive enterocytes, goblet, and enteroendocrine cells appear with the emergence of villi in the fetus. Although the overall tissue architecture has formed in the fetus, the epithelium at birth is devoid of the regenerative unit of the small intestinal crypt as well as crypt-based Paneth cells ( Figure 1) . 3, 4 This may have major implications since the crypt epithelium in adult mice harbors the constantly proliferating transit amplifying cells. Together with epithelial migration along the cryptvillus axis and exfoliation at the villus tip, this facilitates constant epithelial cell turnover. This ongoing surface renewal might significantly contribute to protection from invasion or attachment of enteric pathogens. 5 Furthermore, the lack of mature Paneth cells and Paneth cell-derived antimicrobial peptides could render the neonatal intestine susceptible to infection and an altered composition of the enteric microbiota. 6 Instead, expression of the cathelicidin Cramp was reported in the neonatal intestinal epithelium. 7 This is interesting as Cramp expression has also been found in skin, breast milk, and vernix caseosa in mice and man, and might thus represent a universal neonatal antimicrobial peptide. 8, 9 During ontogeny, anlagen of the mesenteric lymph nodes (MLN) appear at embryonic day (E) 9-10, whereas Peyer's patch (PP) anlagen develop up until birth. 10 Mucosal lymphoid tissue development follows the same general program and requires interactions between lymphoid tissue inducer (LTi) cells and lymphoid tissue organizer or stromal cells. 11 LTi cells are type 3 innate lymphoid cells (ILC3) that depend on the expression of the transcription factors RAR-related orphan receptor gt (RORgt) and Id2 and express the chemokine receptors CXCR5 and CCR7. [12] [13] [14] Maturation of the MLN and PPs occurs in the sterile environment in utero and is assumed to follow a developmental program independent of environmental cues. However, a recent study has shown that the numbers of LTi cells and later the size of the secondary lymphoid organs are markedly determined by the uptake of dietary retinoic acid by the mother during gestation. Figure 1 Development of the intestinal mucosal immune system. Before birth, Peyer's patch anlagen develop via a crosstalk between lymphoid tissue inducer (LTi) and stroma cells within the sterile environment of the womb. The small intestinal mucosa is populated by the fetal wave of gd T lymphocytes. At birth, the murine intestinal tissue architecture is immature and undergoes several developmental changes until reaching adult state. The neonatal mucosa is characterized by a lack of crypts and crypt-residing Paneth cells, a major source of antimicrobial substances in the adult tissue. The neonatal enterocytes, however, express cathelicidin-related antimicrobial peptide (CRAMP). Birth initiates the colonization of the intestinal mucosa and microbial density in the neonate reaches plateau levels fast. The neonatal microbiota is dominated by Lactobacilli, Streptococci, and Bifidobacteria, whereas species of the Bacteriodetes phylum become prevalent only in adults. Microbial diversity in the postnatal gut is reduced about 3-fold compared with the adult situation. Despite the presence of goblet cells, the expression of the mucins muc2, muc3, and muc5ac is reduced in the neonate resulting in a thinner mucus layer. ab T (including thymus derived regulatory T cells (tTregs) and B lymphocytes begin to populate the intestine shortly after birth, however, they display a discrete homing pattern only to the Peyer's patches and remain naive throughout the neonatal phase. Only after weaning, the occurrence of germinal centers and activated lymphocytes is noted in the Peyer's patches. The maturation of M cells, which are major routes of antigen uptake in the adult, also occurs after the second week of life. The effector sites lamina propria and the intraepithelial compartment are populated by lymphocytes only after weaning. Formation of cryptopatches is noted after birth and their further maturation into isolated lymphoid follicles (ILFs) is dependent on the presence of a microbiota. During the postnatal phase, many bioactive factors are supplied by maternal breast milk including cytokines, growth factors, as well as secretory immunoglobulin A (SIgA). Endogenous SIgA is only produced by plasma cells in the adult mucosal tissue.
Moreover, exposure to maternally derived microbial constituents during gestation impact fetal/neonatal intestinal immune development and induce sustained transcriptional changes in the intestinal tissue of the offspring. 16 For example, aryl hydrocarbon ligands stemming from maternal microbiota are detected in the placenta and breast milk and stimulate the development of ILC3 in the intestine of neonates. 16 Tissue morphogenesis and innate immune mechanisms in the prenatal lung Mammalian lung organogenesis occurs in four distinct phases (pseudoglandular stage, canalicular stage, saccular stage, and alveolar stage), out of which only three are close to completion at birth, 17 leaving an organ under constant reconstruction during the first weeks of life ( Figure 2) . Although low in absolute number, the first innate immune cells reach the lungs very early during development 18, 19 . Embryonic macrophages and dendritic cells (DCs) are first found during the pseudoglandular stage (embryonic day (E) 35-119 in humans, E9.5-E16.5 in mouse), 20, 21 when a primitive respiratory structure is built by epithelial cell branching. 17 It has been shown that these fetal lung-resident DCs are less potent in inducing T-cell proliferation than their adult counterparts. 21 Embryonic macrophages have been assigned an important role during early fetal development in that they largely orchestrate fetal lung morphogenesis. Through the release and deposit of a variety of mediators (e.g., cytokines, proteoglycans, and collagen) needed in tissue remodeling, these embryonic macrophages are involved in processes including vascularization and airway branching. 22, 23 However, activation of these embryonic macrophages can lead to aberrant lung morphogenesis and preterm birth, or perinatal death, via the inhibition of multiple developmental genes in the fetal lung such as fibroblast growth factor 10 and integrin a 8 b 1 . 20 On the other hand, it has been shown that fetal lung inflammation, which is likely to cause activation of immune cells inside the tissue, leads to accelerated lung maturation. 24 At the checkpoint towards the canalicular phase (around E16.5 in mouse), when the airway epithelium differentiates and vascularization and angiogenesis begins, embryonic macrophages and DCs are quickly outnumbered by liver-derived fetal monocytes, which further differentiate into alveolar macrophages (AM) immediately after birth. 22, 25 In healthy fetuses, these monocytes show an immature phenotype; however, intra-amniotic exposure to endotoxin or other inflammatory mediators can induce rapid maturation and differentiation of these monocytes already before birth. 26 Thus, innate immune cells colonize the lung very early during fetal development and can react to intrauterine inflammation. In addition to DCs and macrophages, natural killer (NK) cells represent a large proportion of the innate immune cells found in the fetal lung. 27 A proportion of these fetal lung NK cells show a differentiated phenotype, including perforin and granzyme B production as seen in adult NK cells. Moreover, these fetal NK cells have been demonstrated to be highly responsive to cytokine stimulation, 27 thus indicating that NK cells could respond to in utero infection and inflammation. Other important components of the innate immune response in the fetal lung are pulmonary surfactants, especially surfactant protein A. These mixtures of lipids and proteins are expressed by alveolar type-II cells and are important to reduce surface tension at the air-liquid interface of the alveolus, thus preventing it from collapsing during exhalation. 28 They are also involved in the innate immune response against pathogens by acting as antimicrobial peptides, directly inhibiting the growth of bacteria, 29 or by opsonizing pathogens and, hence, capturing them for phagocytosis by macrophages. 30 Surfactant protein A is associated with lung maturation and its expression increases during the course of gestation. 31 Its increased release into the amniotic fluid has been identified as a signal for parturition; 32 however, in the context of Toll-like receptor (TLR) ligand-induced inflammation, it has been shown that surfactant protein A can prevent preterm delivery by the suppression of pro-inflammatory mediators. 33 Mucins are an additional key innate defense mechanism in the airways. Muc5b is essential for macrophage function as these cells display impaired phagocytic capacity and decreased anti-bacterial cytokine (e.g., interleukin (IL) 23) production in the lungs of Muc5b À / À mice. 34 Muc5b is detectable in the lung as early as E14.5, well before other mucins such as Muc5ac and Muc2. 35 Hence, early Muc5b production during the fetal period could be a central mediator priming lung-infiltrating macrophages and monocytes for responsiveness against microbes after parturition.
Prenatal adaptive immunity
In contrary to innate immune mechanisms, adaptive immunity has not been studied in great detail in the developing fetal lung as resident T and B cells are not detectable during this period. 19 The murine fetal intestine is also mostly devoid of adaptive immune cells. Only gd T lymphocytes that are generated in the thymus before the ab T cells are already present. 36 Those gd T cells are likely to be IL-17 producers and are generated exclusively during the fetal phase. They reside in the lamina propria as the murine small intestine does not contain epithelium-associated lymphocytes until weaning. 37, 38 Thus, unlike human neonates, 39 mice do not seem to harbor ''natural'' intraepithelial lymphocytes. 40 Prenatal microbial exposure Dietary and microbial constituents are able to cross the placenta and influence the development of the fetal mucosal lymphoid tissues. 15, 16 In addition, bacterial DNA has been detected in healthy human placenta and amniotic fluid and the existence of a placental microbiome has been suggested. 41, 42 This low abundance, low diversity microbiota appears to be predominated by Proteobacteria and displays the closest resemblance to the oral microbiota. 41 Transient asymptomatic bacteremia following manipulation of the mucosal surface, e.g., during tooth brushing is well known and may explain the presence of the detected material. Culture-based data are, however, rare. Jimenez et al. 43, 44 were able to recover a genetically labelled Enterococcus strain in amniotic fluid and meconium following oral administration to the dam. However, future work is required to establish the presence of viable and diverse bacterial communities at the placental-fetal interface.
POSTNATAL MICROBIAL EXPOSURE AND TISSUE MATURATION Postnatal microbial colonization of mucosal surfaces
Rupture of membranes at birth, mark a drastic change in environmental exposures, most notably being the progressive colonization of mucosal sites by microbes. Following vaginal delivery, the first neonatal intestinal microbiota is derived from the urogenital microbial community of the mother that is transmitted to the newborn during birth. 45 A number of studies that compared the microbiota of neonates and adults have outlined significant differences and an overall increase in the microbial density and diversity. 46, 47 Although microbial density reaches plateau levels shortly after birth in humans and mice, 46 diversity and thus a competitive microbiota is only reached after several years in humans and after weaning in mice. [47] [48] [49] Nutritional factors appear to have a major role as, for example, the dominance of Lactobacilli, Streptococci, and Bifidobacteria in the neonatal intestine is lost after cessation of breast milk.
Although the lung is a functional gas-exchange organ at birth, its structure is far from mature. During the first years in humans (first 4 weeks in mice), alveolarization and microvascular maturation are ongoing, 17 subjecting the organ to a process of constant tissue remodeling. Furthermore, like all other body surfaces, starting at birth the lung is constantly exposed to a variety of environmental exposures of a pathogenic and nonpathogenic nature. At the same time, the airways start to be colonized by bacteria and fungi, which form the microbiome and mycobiome. 50 Few studies have thus far focused on how the airway microbiota develops during the neonatal period and information concerning early-life fungal colonization is still lacking. However, it has been shown in mice that similar to the intestine, the airway microbiota increases in load and diversity over the first weeks of life. 51 The early colonizers belong mainly to the Proteobacteria and Firmicutes phyla, whereas later during the development, Bacteroidetes are largely represented within the airway microbiota. 51 In humans, to date, only one study has directly addressed the airway microbiota of newborns. 52 It was conducted on preterm infants that underwent endotracheal intubation for up to 1 month. In all infants enrolled in the study, Acinetobacter was the predominant genus at birth. In ''healthy'' infants that did not develop bronchopulmonary dysplasia, Pseudomonas and Sneathia started dominating from day 3 of life onwards, thus, diminishing the proportion of Acinetobacter. 52 However, as all these infants had been born premature and intubated for up to 1 month, it is unknown whether the microbial profile detected in these infants will correlate with that of healthy full-term infants.
Innate immunity in the neonatal intestine
Intestinal crypts with stem cells and rapidly proliferating transit amplifying cells develop in mice around 10-12 days after birth. 3, 4 This initiates constant epithelial renewal characterized by migration along the crypt-villus axis and exfoliation at the villus tip. With the appearance of crypts, also crypt-based Paneth cells mature and the spectrum of antimicrobial peptides expands from epithelial Cramp to a variety of Paneth cellderived a-defensins and cryptdin-related sequence peptides. 7, 53, 54 In addition, expression of the c-type lectin regenerating islet derived protein 3g (Reg3g) shown to significantly contribute to host-microbial homeostasis increases markedly (own unpublished results). 55 In the adult animal, the epithelial surface of the colon is covered by a thick, bacteria-free mucus layer composed of highly structured glycoproteins that segregates luminal bacteria from the epithelial surface. 56 A similar but less pronounced mucus layer is also observed in the small intestine. 57 Although the mucus-producing goblet cells are present in the neonatal intestine, the expression of the major mucins Muc2, 3, and 5a is strongly reduced during the postnatal period. 5 The mucus layer is composed of glycoproteins and thus provides an important nutrient source for certain commensal bacteria. This is expected to have a major influence on hostmicrobial homeostasis. 58, 59 Developmental and adaptive mechanisms dampen the sensitivity of the intestinal epithelial surface to microbial exposure during the critical period after birth. In mice, postnatal exposure to bacterial endotoxin was shown to induce endotoxin tolerance by microRNA 146a (mir146a)-mediated posttranscriptional downregulation of the innate immune signaling molecule interleukin 1-associated kinase (Irak) 1. 60, 61 A similar adaptive process by enhanced expression of the regulatory secretory leukocyte protease inhibitor was recently also observed in the upper gastrointestinal tract in humans. 62 Moreover, developmentally regulated low expression of the receptor for double-stranded RNA, TLR3, in the murine neonatal intestinal epithelium was observed. 63 A reduced sensitivity to TLR stimulation was also reported in fetal as compared with adult human intestinal epithelial cells mediated by enhanced IkB expression suggesting that similar mechanisms are also active in humans. 64 Tissue resident intestinal macrophages (CX3CR1 hi CD64 þ MHCII þ cells) are already present before birth and derive from fetal hematopoiesis in liver and yolk sac. Recently, it was shown that these cells, however, do not persist throughout life but are rather substituted by macrophages originating from adult hematopoiesis in the bone marrow. Therefore, during the postnatal period, macrophages represent a mixed population originating from fetal as well as adult hematopoiesis, with cells derived from adult hematopoiesis becoming progressively dominant and finally after weaning the only detectable population. 65, 66 Intestinal DCs are also present in the postnatal intestine; 67 
Innate immunity in the neonatal lung
Immediately after birth, fetal monocytes that infiltrated the lungs during the fetal period start differentiating into AMs ( Figure 2) . 25 This process is dependent on the expression of granulocyte-macrophage colony-stimulating factor by lung epithelial cells, which is upregulated during the first days of life. 25 The stimulus leading to increased granulocyte-macrophage colony-stimulating factor production shortly after birth is still unknown. However, it has been shown that maturation of AMs and other CD11c þ cells can be achieved by intranasal administration of a mixture of microbial extracts, 68 indicating that the exposure to an airway microbiota could assist in the maturation of these cell types. AMs have a crucial role in the first-line defense against a variety of inhaled antigens. Although newborns have a higher risk of establishing pulmonary infections, AMs from neonatal rats have been reported to exhibit a higher phagocytic capacity than those of adults. 69 They are also able to induce an adult-like response towards LPS challenge. 69 CD11b þ conventional DCs constitute a large proportion of cells during the first 2 weeks of life in mouse lungs 51 and they exhibit a unique activation profile compared with adults. A variety of activation markers are highly expressed and it has been shown that these neonatal CD11b þ DCs are potent in processing antigens and inducing T helper (Th) 2-type immune responses. 51 Moreover, it has been demonstrated that the activation profile of these DCs during the neonatal period is partially altered by the presence of a microbiota. Microbial colonization induces a transient expression of PD-L1 (programmed cell-death ligand 1) on these cells during the first 2 weeks of life, which allows them to induce regulatory T (Treg) cells. 51 Similar activation profiles have been reported for the CD103 þ conventional DC subset; 51 however, their relative abundance in the lungs of neonates is controversial. 51, 70 The functionality of neonatal pulmonary DCs has been tested in a variety of animal models. Different murine and an ovine model described a similar capacity of neonatal and adult pulmonary DCs to take up and process antigens and to stimulate T cell responses; 51, 70, 71 however, it has been shown in rats that the antigen-presenting capacity of neonatal DCs in response to granulocyte-macrophage colony-stimulating factor is significantly reduced in comparison with adult DCs. 72 Another lungresident DC subset, plasmacytoid DCs, is found in very low absolute numbers and frequency in the neonatal lung. 70 Their functionality in the newborn has yet to be addressed in detail. Invariant natural killer T (iNKT) cells are also very low in frequency during the neonatal period. 73 Accumulation of these cells in mucosal tissues, including the lung, throughout life is prevented by the induction of CXCL16 via signals obtained from the microbiota. 73 Adaptive immunity in the neonatal intestine Around birth, ab T cells and B cells mature and begin to populate the anlagen of the secondary lymphoid organs that have developed prenatally. 74 Interestingly, until weaning, T cells in the small intestine are only detected in the gut-associated lymphoid tissue structures (PPs), but not at effector sites, and despite the presence of food and microbial antigens early after birth, display a naive phenotype in stark contrast to the adult situation ( Figure 1) . 67 Germinal center formation in PPs, a reflection of constant exposure to microbiota and food-derived antigens, does not occur in the neonate. 38 The effector sites lamina propria and the epithelium-associated compartment are populated with (activated) T cells starting around weaning. A major fraction of intestinal regulatory T cells (Tregs) in the adult intestine are negative for Neuropilin 1 and therefore induced in the periphery likely being responsive to microbiota-and foodderived antigen in the colon and small intestine, respectively. 75, 76 Similar to the emergence of activated T cells at intestinal effector sites, these peripheral (p)Tregs appear after weaning. 76 However, Tregs are already detected when first T cells populate the neonatal small intestine soon after birth (own unpublished observations). Those Tregs are thymus-derived and enforce peripheral tolerance to self-antigens already shortly after birth. 77 The intestinal T-cell immunity of the neonate appears to resemble the central rather than the mucosal state in the adult. Human neonatal intestines are already populated with T cells at the effector compartments at birth but also here, a postnatal maturation can be seen. The proportion of naive T cells in pediatric patients is significantly higher than in young adults. 78 B cells readily populate the intestine during the postnatal phase in mice; 67 however, the occurrence of functional plasma cells and secretory immunoglobulin A (SIgA) production are only noted after weaning and a stable immunoglobulin (Ig) A repertoire formation is completed around 8-10 weeks of age in mice (Figure 1) . [79] [80] [81] Also in human neonates, total serum IgA rises to adult levels only after the first year of life. 82 During the postnatal phase, breast milk is the major source of SIgA in the intestinal lumen of the neonate. 80 The absence of maternal SIgA leads to premature maturation of T and B cells in the neonate. 79 It has been a matter of a long debate whether the intestine can serve as a primary lymphoid organ generating adaptive lymphocytes. A recent study using Rag reporter mice has shown that in weanling mice, the lamina propria harbors nascent B cells where their development is shaped by the presence of the microbiota. 83 Although MLN and PP anlagen develop prenatally, solitary intestinal lymphoid tissue structures are not seen before 2 weeks post parturition. 84 Cryptopatches develop independently of the presence of live bacteria. Microbial constituents such as the NOD1 ligand peptidoglycan then induce maturation of cryptopatches into isolated lymphoid follicles where IgA producing plasma cells are induced independently of T cell help. 85, 86 Exposure of the neonatal intestinal mucosa to commensal bacteria does not remain unseen by the host's adaptive immune system. Suppressive mechanisms are in place to protect against the hazard posed by an overt stimulation during the initial exposure of the intestine to the outside world. T-cell activation within the PPs is dampened by the presence of regulatory T cells and maternal SIgA. 67 Erythroid CD71 þ cells that are present abundantly in the neonate suppress myeloid and lymphoid cell activation in the intestine following bacterial colonization. 87 Adaptive immunity in the neonatal lung
As reported for systemic immunity, adaptive immune cells in the lung of neonates are scarce and exhibit limited functionality ( Figure 2) . T cells are found in low frequencies in the neonatal lung, 70 and are predominantly comprised of naive T cells, 78 which show an intrinsic bias towards the production of Th2 cytokines and transcription factors when stimulated in vitro.
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Thus, susceptibility to viral lung infections in neonates could be largely due to insufficient, or inappropriate, T-cell responses. However, it has also been reported that in the context of adult Pneumocystis carinii infection, adoptive transfer of neonatal T cells was as effective in resolving the infection as adult T cells. 88 Hence, the authors conclude that there is no intrinsic defect of neonatal T cells inside the lungs, but that the neonatal lung environment during homeostasis is not able to sufficiently prime these T cells. 88 Only Treg cells have been reported to substantially accumulate inside the neonatal lung 51, 78 and their accumulation is linked to microbial exposure. 51 Importantly, the Treg compartment in neonates is only comprised of natural thymus-derived Treg (nTreg) cells. 51 Peripherally induced Treg (iTreg) cells can only be found in the lung later in life and their appearance is initiated by the microbiota in a PD-L1-dependent manner. 51 Taken together, during the postnatal period, immune cells slowly accumulate in the lung while the lung tissue is remodeling and the airways are colonized by microbes. Out of all the cell types investigated, only CD11b þ conventional DCs and Treg cells are present in higher frequencies in the neonatal lung than in the lung of adults. 51 The phenotype and function of these two cell types is strongly influenced by microbial colonization.
Contribution of breast milk to intestinal immunity
Major differences exist between the neonate and adult mucosa. This concerns the microbiota composition, the chemical and metabolic milieu, the cellular composition and functional maturation of the epithelial barrier, as well as multiple aspects of innate and adaptive immune recognition and effector function. Concerning at least the intestine, maternal breast milk might partially compensate for these differences providing a number of important antimicrobial and immunomodulatory constituents. 89 Beside macronutrients, a large number of nonnutritive bioactive factors such as immunoglobulins (SIgA, IgG), growth factors, hormones, maternal cells, cytokines, antimicrobial peptides, and complex oligosaccharides modulate innate immune signaling and influence the developing host-microbial interaction. 90, 91 Maternal immunoglobulins transferred via placenta and breast milk provide an effective protection against common infectious diseases such as rotavirus. 92, 93 Complex human milk oligosaccharides, lysozyme, lactoferrin as well as mucins might compensate for the reduced mucus production and the smaller spectrum of secreted antimicrobial peptides in the neonate. 5, 7 Endothelial growth factor and transforming growth factor b modulate inflammatory signaling and might reduce the immunostimulatory potential of microbial exposure after birth. 91 The spectrum of SIgA provided by breast milk reflects the maternal intestinal SIgA. 94 The combined transfer of members of the maternal microbiota with the corresponding maternal SIgA might provide the optimal strategy to rapidly establish a stable host-microbial homeostasis.
IMMUNITY AND DISEASE SUSCEPTIBILITY Early intestinal colonization in health and disease
Developmental and adaptive mechanisms that facilitate fetal postnatal transition must provide a robust regulatory framework to cope with the sudden onset and extent of environmental and microbial exposure. 46 It may therefore not come as a surprise that the transition between fetal and postnatal life can fail leading to organ dysfunction and clinical disease. Three clinical examples might illustrate this scenario. First, genetic predisposition can cause chronic inflammatory diseases. For example, a genetic defect in IL-10 receptor expression leads to early-onset colitis manifesting within the first year of life and most likely due to the uncontrolled secretion of proinflammatory mediators such as TNF in response to microbial exposure. 95 As both IL-10 production and the IL-10-targeted cell population reside within the hematopoietic lineage, bone marrow transplantation provides an effective treatment option. 96 This is consistent with animal studies that report the development of mucosal inflammation under similar conditions of an impaired immune homeostasis. 97, 98 Another example is necrotizing enterocolitis of the newborn. 99 This condition is characterized by a devastating inflammatory response of the intestinal tissue in preterm-born human neonates leading to high morbidity and mortality. Disease onset is typically observed 1-2 weeks after birth, consistent with the current hypothesis that an inappropriate innate immune response of the mucosal tissue to postnatal bacterial colonization drives this inflammatory response. 100 Animal studies suggest that lipopolysaccharide recognition by TLR4 on somatic cells and in particular intestinal epithelial cells and endothelial cells has a major role in the etiology of the disease. 101, 102 Several mechanisms such as breast milk-derived epidermal growth factor or intestinal alkaline phosphatase, secretory leukocyte protease inhibitor, or the acquisition of tolerance were identified to dampen inflammation in mature neonatal mice and may function insufficiently in the preterm intestine. [60] [61] [62] 91 Interestingly, a recent meta-analysis reported a significant benefit of postnatal oral administration of probiotic bacteria to preterm human neonates with both reduced necrotizing enterocolitis incidence and mortality. 103 Thus, alterations in the enteric microbiota in preterm neonates might promote the etiology of necrotizing enterocolitis, consistent with the reported temporal clustering of necrotizing enterocolitis cases in individual institutions resembling the epidemiology of an infectious disease. The third example is somewhat speculative and addresses a possible association of cesarean section delivery with the development of immunemediated, mainly atopic, diseases. 104, 105 A direct link between the mode of delivery and the early enteric microbiota has been established. The early microbial composition in turn has significant and lasting impact on immune maturation. 45, 73, 106 The high rate of cesarean sections in industrialized countries and the continuing rise of allergic diseases such as asthma, allergic rhinitis and celiac disease have provoked a discussion on a possible causal relationship. Although more research is needed to confirm this link and identify the underlying mechanisms, attempts are being made to reconstitute the vaginal maternal microbiota in cesarean-section-born human neonates directly after birth. 107 On the other hand, the postnatal phase also provides a unique window of opportunity to shape the host immune homeostasis towards tolerance that is effective throughout life. 108 Microbial exposure during the postnatal development constrains the expansion of iNKT cells and IgE-producing plasma cells. 73, 106 As a consequence, the lack of microbial exposure during the postnatal phase leads to an increased susceptibility of the adult individual to inflammatory bowel and allergic diseases. In contrast, enhanced exposure to microbial stimuli during early postnatal life, e.g., by growing up on a farm appears to protect against atopic diseases in humans. 109 
Neonatal susceptibility to intestinal infection
The need for an enhanced mucosal immunoregulatory control in the neonate might impair an efficient host response to infection. Indeed, infections represent the leading cause of death in this age group worldwide and gastrointestinal and pulmonary infections account for a major fraction of all cases. 110 In addition, not only the incidence of infectious diseases but also the spectrum of pathogens greatly varies with age. For example, orally acquired bacteria such as group B streptococci (S. agalactiae), Listeria monocytogenes, and E. coli K1 represent major causal agents of sepsis and meningitis in neonates, whereas they are rarely found in adults. 111 This also accounts for the intestine where rotavirus, enterohemorrhagic and enteropathogenic E. coli represent major human pathogens in children but not adults. 112, 113 Although environmental exposure might in part explain this difference, it is likely that particularities of the neonatal innate and adaptive immune system contribute as well.
Indeed, animal studies have identified specific age-dependent differences in the host-microbial interaction that explain the susceptibility of the neonatal host to certain pathogens (Table 1) . First, the early microbiota shows low diversity and thus low colonization resistance. Even low numbers of pathogens such as E. coli K1 and Salmonella efficiently 51, 70 RSV infection Mouse Attenuated/delayed IFN-g production, increased IL-13 production, low-avidity CD8 T-cell response with distinct epitope-specificity, RSV-specific IgE
No direct effect on primary infection, effect seen upon reinfection [134] [135] [136] [137] Consequences for adult disease in the lungs Reinfection with RSV Mouse Elevated production of inflammatory mediators during reinfection, enhanced inflammatory cell infiltration during reinfection, RSV-specific IgE upon primary infection, production of IL-13 during primary infection, low amounts of IFN-g produced during primary infection
Increased weight loss/immunopathology, airway hyperresponsiveness, enhanced mucus production and airway eosinophilia [134] [135] [136] [139] [140] [141] Adult asthma Mouse/human Aggravating factors: reduced microbial exposure (antibiotic treatment), RSV infection, maternal tobacco smoke exposure
Aggravating consequences: increased baseline serum IgE levels, reduced Treg cell numbers, alteration in microbial load/composition, Th2-bias of Tregs [146] [147] [148] 153 Alleviating factors: breast feeding, farm exposure (maternal or neonatal)
Alleviating consequences: increased Treg cell numbers, alterations in microbial composition [149] [150] [151] [152] AMP, antimicrobial peptides; CXCL16, Chemokine (C-X-C motif) ligand 16; C-section, cesarean section; DC, dendritic cell; EHEC, enterohemorrhagic E. coli; EPEC, enteropathogenic E. coli; G-CSF, granulocyte-colony-stimulating factor; IEC, intestinal epithelial cell; IFN, interferon; Ig, immunoglobulin; IL, interleukin; IL10R, interleukin 10 receptor; Irak1, interleukin 1 receptor associated kinase 1; iTreg, inducible regulatory T cell; NEC, necrotizing enterocolitis; RSV, respiratory syncytial virus; SCV, salmonellacontaining vacuole; Th, T helper; TLR, toll-like receptor; TNBS, 2,4,6-Trinitrobenzenesulfonic acid; Treg, regulatory T cell.
colonize the neonatal murine intestine. 5, 114 This is in contrast to the situation in adult individuals, where enteropathogens require mechanisms to overcome their commensal neighbors and generate an ecological niche. Not surprisingly, large inocula or antibiotic pretreatment are required in many animal models to allow colonization, a prerequisite of infection. 115 Second, functional differences in innate immune recognition and effector molecule production might account for enhanced susceptibility. In neonatal mice, epithelial endotoxin tolerance and low postnatal expression of the innate immune receptor for double-stranded RNA, TLR3, were observed. 60, 63 Although delayed responsiveness to bacterial lipopolysaccharide might increase the susceptibility to infection with gram-negative pathogens such as Salmonella, low postnatal expression of TLR3, confers enhanced susceptibility to infection with rotavirus. 5, 60, 63 Decreased epithelial TLR3 expression was also found in human infants, which might contribute to the enhanced susceptibility in this age group. 63 Rotavirus displays a marked tropism for the intestinal epithelium and represents one of the most frequent causative agents of gastroenteritis in human infants worldwide. 113 In humans, bacillary dysentery caused by Shigella spp. primarily affects children under low sanitary conditions in developing countries and causes a severe colitis. The altered spectrum of antimicrobial substances in the neonatal mouse intestine was identified to allow Shigella flexneri to infect newborn animals. 116 Moreover, the small intestine in neonatal mice lacks mature M cells, an important entry portal for bacterial enteropathogens. 5 As a consequence, Salmonella requires epithelial invasion to penetrate the mucosal barrier. Enterocyte invasion leads to the generation of large intraepithelial microcolonies, most likely due to the reduced epithelial turnover in the neonatal host. 5 Finally, the altered milieu with increased serum levels of IL-10 and reduced IL-12 and IFN-g favor infection by intracellular pathogens such as Listeria monocytogenes.
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L. monocytogenes translocates through the intestinal mucosa and spreads systemically causing abortion but also sepsis and meningitis in human neonates. Reduced IFN-g secretion in combination with the above mentioned intestinal epithelial endotoxin tolerance might also enhance the susceptibility to infection with non-typhoidal Salmonella and cryptosporidia. 60, [121] [122] [123] Cryptosporidium parvum typically causes watery diarrhea in human infants, 124 whereas non-typhoidal Salmonella represents an important cause of sepsis and meningitis in human neonates in many African countries. 111 Despite these examples, neonates are able to mount protective innate and adaptive mucosal immune responses. Several studies from the mid-1990s demonstrated that under certain conditions, e.g., the use of an adjusted inoculum of the infectious agent or of a stronger adjuvant for vaccination, neonates were able to mount adult-like immune responses. [125] [126] [127] Subsequent analyses showed that neonatal immunity exhibits a wide variety of responses that range from immunodeficient through immunodeviant to fully immunocompentent. 118, 128 For example, a potent T-cell response mediates viral clearance during rotavirus infection in neonatal mice. 129 In addition, the neonatal host even shows enhanced resistance to oral Yersinia enterocolitica infection. Strong IFN-g and IL-17 production within the MLN leading to the recruitment of activated phagocytes and a protective CD4 þ T-cell response was identified to protect the neonatal host. 130, 131 The neonate might thus compensate for a less-efficient mucosal response with a heightened immune activation in the protective firewall, the lymphoid tissue. Another example is the resistance of human neonates to infection with Clostridium difficile, the most common etiological agent of hospital-acquired diarrhea in adults. Many small children are colonized by toxin-producing C. difficile, but remain asymptomatic. 132 The underlying mechanisms have not been resolved yet.
Neonatal susceptibility to pulmonary allergy and infection Unsurprisingly, also in the case of the lung, the difference in immune cell numbers and phenotypes between newborns and adults leads to distinct immune responses against the same agents ( Table 1) . Once exposed to an allergen such as house dust mite, neonates show increased allergic airway inflammation compared with adults, which has been correlated to the missing iTreg cells in the lungs of neonates. 51 In line with this, lung T cells show an intrinsic bias towards Th2 during the neonatal period, 70 likely contributing to the exaggerated inflammatory response against allergens. Pulmonary viral infections are very common in young infants and have a tendency to be more severe than in adults. A significant proportion of these infections are caused by respiratory syncytial virus (RSV). 133 It has been shown that, although viral kinetics are similar between neonatal and adult RSV infection, 134, 135 the primary response towards RSV in neonates differs significantly from that in adults. IFN-g production is attenuated and delayed in neonatal compared with adult mice, 134, 136 whereas IL-13 is increased during the course of infection in the newborn. 135 Epitope-specificity of CD8 þ T cells is distinct between neonatal and adult infection, 137 which is in part due to altered precursor frequencies. The neonatal CD8 þ T cell repertoire towards RSV is restricted and possesses a lower functional avidity. 137 In addition, an altered composition of the pulmonary DC subsets in response to RSV, which results in a domination of CD103
þ DCs with limited co-stimulatory capacity, contributes to the generation of functionally different CD8 þ T cells. 138 Thus, there are strong age-dependent differences in the response to RSV. This has also inevitable consequences during reinfection. Reinfection following primary neonatal RSV infection leads to elevated production of inflammatory mediators 139 and enhanced inflammatory cell infiltration, 134 resulting in increased weight loss and immunopathology. 134 It has also been demonstrated that primary neonatal RSV infection leads to airway hyperresponsiveness, enhanced mucus production and airway eosinophilia upon reinfection. 135 This phenomenon has been attributed to the presence of RSV-specific IgE and the production of IL-13 upon initial infection. 135, 140 Moreover, the amount of IFN-g produced during primary infection, which is barely detectable in newborns, 134, 136 largely determines the extent of airway hyperresponsiveness, mucus production and airway eosinophilia during reinfection. 141 Whether the immunological findings obtained with RSV also hold true in the case of other pulmonary viral infections (e.g., with influenza A or Rhinovirus) has yet to be determined. Moreover, although bacterial pneumonia is a complication that can be seen more often during the immediate postnatal period compared with later during childhood, 142 immunological studies giving mechanistic insights into the cause and consequences are still scarce.
Neonatal predisposition to chronic lung disorders
Chronic lung disorders, such as asthma, are widespread among the population and account for a tremendous number of hospitalizations and deaths every year. Epidemiologically, a strong link between fetal and postnatal exposures and the predisposition to chronic lung diseases, especially asthma, has been described. 143, 144 The most common risk factors are preand perinatal tobacco exposure, antibiotic treatment and neonatal severe lower respiratory tract infections. 145 Murine studies have started to shed light on the immunological basis behind the phenomenon of this ''environmentally induced'' early-life predisposition towards asthma. It has, for example, been shown that antibiotic treatment throughout the perinatal period increases baseline serum IgE levels and reduces the number of Treg cells, 146 thus, leading to increased allergic airway inflammation upon allergen exposure. Infection with RSV during the neonatal period also has profound consequences for Treg cell responses, enhancing allergic airway inflammation during adulthood. 147 In comparison with adult RSV infection, neonatal infection induces a Th2-bias in Treg cells by promoting GATA-3 expression and the production of Th2-type cytokines in these cells. 147 A study in humans also made a link between maternal tobacco smoking and the number of Treg cells found in cord blood, further associating smoking and lower Treg cell counts with the development of allergy. 148 In addition, environmental influences protecting against the development of asthma have been linked to an increase in the Treg cell pool in neonates. 149, 150 Breast-feeding 150 (by allergen-sensitized mothers) and maternal farming 149 are two of these protective exposures. Thus, Treg cells seem to be a crucial cell type in the prevention of asthma as a variety of early-life risk and protective factors influence Treg cell numbers or alter their function in the newborn. [146] [147] [148] [149] [150] Another common point of nearly all these factors is their influence on the microbiota composition. [151] [152] [153] The mechanisms by which they can alter microbial load and composition have not been elucidated in great detail yet. However, a link between neonatal microbial colonization of the lungs, pulmonary Treg numbers/phenotypes, and protection against allergic airway inflammation during adulthood has been established in mice, 51 thus, providing evidence for one of potentially a variety of mechanisms by which early-life exposures could influence predisposition to asthma.
CONCLUSIONS
Taken together, in the context of mucosal immunity of the newborn, it might be more appropriate to speak of a distinct rather than immature mucosal immune system. This conclusion has important consequences. Only a better knowledge of age-dependent differences of host mucosal immunity and the neonatal immune system might allow us to understand the establishment of host-microbial homeostasis. In addition, the pathogenesis of infectious and inflammatory diseases in neonates might significantly differ from what we know from the adult host. Neonates and small infants might therefore require a different therapeutic approach and clinical management as compared to the established regimen applied to adult patients. Finally, environmental and especially microbial exposure during the postnatal period have a major long-term impact on the host's immune system and health. This again stresses the need to better understand the neonatal immune system and identify exogenous factors that prime this system. In the future, this will allow the avoidance of detrimental environmental signals but also identify stimuli that facilitate the development of a balanced and robust immune response with reduced predisposition to diseases in later life. 
